Abstract. MicroRNAs (miRs) have been found to play key roles in various human cancers, but the detailed regulatory mechanism of miR-98 in glioma remains largely unknown. The findings of the present study demonstrated that miR-98 was frequently downregulated in glioma tissues and cell lines (U87, U251, U373 and SHG44), and the decreased miR-98 levels were associated with DNA methylation. Treatment with 5-Aza-20-deoxycytidine, a DNA methyltransferase inhibitor, significantly increased the expression of miR-98 in glioma cells. Moreover, both miR-98 downregulation and methylation were significantly associated with a more aggressive tumor phenotype in glioma, as well as shorter survival time of glioma patients. Restoration of miR-98 expression caused a marked decrease in the migration and invasion of U87 cells, but did not affect cell proliferation. Sal-like protein 4 (SALL4) was further identified as a novel target gene of miR-98, and its protein expression was negatively regulated by miR-98 in U87 cells. Restoration of SALL4 expression reversed the suppressive effects of miR-98 on the migration and invasion of U87 cells. Furthermore, SALL4 was significantly upregulated in glioma tissues and cell lines, and an inverse correlation between miR-98 and SALL4 expression in glioma tissues was identified. In addition, the increased expression of SALL4 was significantly associated with glioma progression. Taken together, these data demonstrated that downregulation of miR-98, induced by methylation, promotes glioma cell migration and invasion via targeting SALL4. Therefore, miR-98 may become a potential therapeutic candidate for glioma.
Introduction
As the most common malignant brain tumor, glioma accounts for >80% of cancers in the brain (1, 2) . Despite improvements in surgical resection techniques combined with radiotherapy and chemotherapy, the prognosis of patients with advanced glioma remains poor (3, 4) . Deregulation of oncogenes or tumor suppressors has been implicated in the development and malignant progression of glioma, and some have been suggested as potential targets for glioma treatment (5) (6) (7) .
MicroRNAs (miRs), a class of non-coding RNAs 18-25 nucleotides in length, act as key regulators of gene expression, mainly through binding to the complementary regions of their target mRNAs, resulting in mRNA degradation or protein translation inhibition (8) (9) (10) . Through negative regulation of their target's expression, miRs have been implicated in a variety of physiological and pathological biological processes, including cell proliferation, survival, apoptosis, autophagy, cell cycle, migration and invasion (9, 11) . Certain miRs were recently demonstrated to play promoting or suppressive roles in glioma (12) (13) (14) (15) . For example, miR-146b acts as a tumor suppressor in glioma by targeting TRAF6, and its downregulation is significantly associated with poor prognosis of glioma patients (16) . miR-133b contributes to arsenic-induced apoptosis in glioma cells by targeting the human ether-à-go-go-related gene channel (17) . miR-503 inhibits glioma cell proliferation and invasion by inhibiting the expression of L1CAM (18) . miR-98 is an important member of the let-7/miR-98 family, which has been reported to play oncogenic or tumor suppressive roles in different human cancers (19, 20) . For example, Li et al reported that miR-98 exerted suppressive effects on melanoma metastasis through a negative feedback loop with interleukin (IL)-6 (21) . Du et al demonstrated that miR-98 plays a suppressive role in oral squamous cell carcinoma growth and metastasis by directly targeting insulin-like growth factor 1 receptor (22) . The suppressive role of miR-98 in glioma has been gradually uncovered (23) . Chen et al reported that overexpression of Raf kinase inhibitor protein (RKIP) suppressed the invasion of glioma cells through upregulation of miR-98 (23) . Fan et al demonstrated that miR-98 overexpression inhibited glioma cell invasion via targeting inhibitor of nuclear factor kappa-B kinase subunit ε (24) . However, the regulatory mechanism of miR-98 expression in glioma remains unclear.
Therefore, the present study aimed to investigate the molecular mechanism underlying miR-98 expression in glioma and the regulatory mechanism underlying the role of miR-98 in glioma progression. Detection of cell proliferation. U87 cells were plated at a density of 10,000 cells/well in 96-well plates. After being cultured for 0, 24, 48 and 72 h, the cells were incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich; Merck KGaA) at a final concentration of 0.5 mg/ml for 4 h at 37˚C. Following removal of the medium, 150 mM dimethyl sulfoxide solution (Sigma-Aldrich; Merck KGaA) was added. The absorbance was read at 570 nm using a BioTek™ ELX-800™ Absorbance Microplate reader (BioTek Instruments, Inc., winooski, vT, USA).
Methylation-induced downregulation and tumor
Detection of cell migration. U87 cells were cultured to full confluence. Wounds ~1 mm wide were created using a plastic scriber. Cells were washed and then cultured in DMEM containing 10% FBS for 48 h. Subsequently, the cells were observed and photographed under a microscope.
Detection of cell invasion. Transwell assay was conducted to detect cell invasion capacity using Transwell chambers (BD Biosciences, Franklin Lakes, NJ, USA). U87 cell suspension (10 6 cells/ml) was prepared in DMEM without added FBS, 300 µl of the cell suspension was added into the upper chamber, and 300 µl of DMEM with 10% FBS was added into the lower chamber. After incubation at 37˚C for 24 h, the U87 cells that did not migrate through the pores were carefully wiped off using a cotton-tipped swab. The filters were fixed in 90% alcohol and then stained by crystal violet (Sigma-Aldrich; Merck KGaA). The invading cells were counted using an inverted microscope (Olympus, Tokyo, Japan).
Dual luciferase reporter assay. TargetScan (www.targetscan. org) was used to predict the putative target of miR-98, according to the manufaturer's instruction. The wild-type (wT) or mutant type (MT) of SALL4 3' untranslated region (3'UTR) was constructed and inserted into the psiCHECK2 luciferase reporter vector. U87 cells were co-transfected with wT-SALL4-3'UTR or MT-SALL4-3'UTR reporter plasmid plus miR-98 mimics or miR-NC using Lipofectamine 2000. Following co-transfection for 48 h, the luciferase activity was determined using the Dual-Luciferase Reporter assay system (Promega, Madison, wI, USA), according to the manufacturer's instructions. Renilla luciferase activity was normalized to Firefly luciferase activity.
Statistical analysis. Data are expressed as the mean ± standard deviation. Statistical analysis was performed using SPSS 20 software (SPSS, Armonk, NY, USA). The differences between two groups were analyzed using the Student's t-test. The association of gene expression or methylation status with clinical characteristics in glioma was analyzed using the Chi-squared test. P<0.05 was considered to indicate statistically significant differences.
Results

miR-98 is frequently downregulated in glioma tissues and cell lines.
In the present study, the miR-98 levels in glioma tissues were first examined; normal brain tissues were used as control. RT-qPCR data indicated that miR-98 was frequently downregulated in glioma tissues compared with normal brain tissues (Fig. 1A) . To confirm these findings, the miR-98 levels in glioma cell lines were then examined; normal human astrocytes were used as control. The expression of miR-98 was also reduced in glioma cell lines compared with normal astrocytes (Fig. 1B) . Accordingly, the expression of miR-98 was found to be downregulated in glioma.
Hypermethylation causes miR-98 downregulation in glioma.
The mechanism underlying miR-98 downregulation in glioma was further investigated. Methylation-specific PCR was performed to analyze the methylation status of miR-98 in glioma and normal brain tissues. It was observed that the methylation status of miR-98 was significantly higher in glioma tissues compared with that in normal brain tissues (Table I) . The methylation status of miR-98 in glioma cell lines and normal human astrocytes was then examined. All glioma cell lines were positive for methylation, whereas no methylation was detectable in normal human astrocytes ( Fig. 2A) . Therefore, that the downregulation of miR-98 expression in glioma is likely due to the high methylation. To further confirm these findings, glioma cell lines were treated with 5-Aza, a DNA methyltransferase inhibitor, for 48 h. Following treatment, the methylation of miR-98 was significantly reduced and the expression levels of miR-98 were significantly upregulated in these glioma cell lines, which further indicates that the hypermethylation status leads to miR-98 downregulation in glioma ( Fig. 2B and C) .
miR-98 downregulation and methylation are associated with a progressive phenotype and shorter survival in glioma.
The clinical significance of miR-98 expression in glioma was further investigated. As shown in Table II , low miR-98 levels were significantly associated with high pathological grade and low Karnofsky performance scale (KPS) index in glioma, but were not associated with age, sex, or type of surgery (gross total resection or partial resection), suggesting that reduced miR-98 expression contributes to glioma progression. Interestingly, high methylation of miR-98 was also found to be associated with high pathological grade and low KPS index in glioma (Table III) . Moreover, glioma patients with low expression of miR-98 exhibited shorter overall survival compared with those with high miR-98 levels (Fig. 3A) . Consistently, glioma patients with high miR-98 methylation had a poorer prognosis compared with those with low miR-98 methylation (Fig. 3B) . Therefore, both miR-98 downregulation and methylation in glioma are associated with a progressive phenotype and shorter survival.
Restoration of miR-98 expression inhibits U87 cell migration and invasion.
To further investigate the regulatory role of miR-98 in glioma, U87 cells were transfected with miR-98 mimic or miR-NC. Untreated cells were used as the control group. Following transfection, the miR-98 levels were significantly higher in the miR-98 group compared with those in the untreated group (Fig. 4A) . The proliferation, migration and invasion of U87 cells in each group were then assessed using the MTT, wound healing and Transwell assays, respectively. Although it did not affect on cell proliferation, restoration of miR-98 expression significantly decreased U87 cell migration and invasion (Fig. 4B-D) .
SALL4 is a target gene of miR-98 in U87 cells.
Subsequently, the potential targets of miR-98 in glioma were examined. SALL4 was predicted to be a potential target of miR-98 (Fig. 5A ). To confirm this association, luciferase reporter plasmids containing wT or MT of SALL4 3'UTR were generated (Fig. 5B) . The luciferase reporter gene assay revealed that luciferase activity was markedly downregulated in U87 cells co-transfected with the wT-SALL4-3'UTR luciferase reporter plasmid and miR-98 mimic compared with the control group, which was eliminated by transfection with MT-SALL4-3'UTR luciferase reporter plasmid (Fig. 5C ). These findings confirm that SALL4 is a direct target gene of miR-98 in U87 cells. The regulatory effect of miR-98 on the protein expression of SALL4 in U87 cells was then studied. The protein levels of SALL4 were significantly lower in the miR-98 group compared with those in the miR-NC group, indicating that overexpression of miR-98 inhibited SALL4 protein expression in U87 cells (Fig. 5D) . To further confirm these data, U87 cells were then transfected with miR-98 inhibitor. Transfection with NC inhibitor was used as the control group. Following transfection, the miR-98 levels were significantly lower in the miR-98 inhibitor group compared with the NC inhibitor group (Fig. 5E) . western blot data further demonstrated that downregulation of miR-98 caused a significant increase in the SALL4 protein expression in U87 cells (Fig. 5F ). Based on these findings, miR-98 appears to directly bind to the 3'UTR of SALL4 mRNA and downregulate its protein expression in U87 cells.
Restoration of SA L L 4 expression attenuates the miR-145-mediated inhibition of U87 cell migration and
invasion. Subsequently, we investigated whether SALL4 was involved in the miR-98-mediated malignant phenotypes of U87 cells. miR-98-overexpressing U87 cells were transfected with pcDNA3.1-SALL4 plasmid. miR-98-overexpressing U87 cells transfected with blank pcDNA3.1 vector were used as the control group. After transfection, the mRNA and protein levels of SALL4 were found to be significantly higher in the miR-98 + SALL4 group compared with the miR-98 + blank group (Fig. 6A and B) . As overexpression of miR-98 promoted U87 cell migration and invasion, these two phenotypes were examined by conducting wound healing and Transwell assays. The migration and invasion of U87 cells were significantly upregulated in the miR-98 + SALL4 group compared with those in the miR-98 + blank group (Fig. 6C and D) . According to the abovementioned data, it was demonstrated that restoration of SALL4 expression attenuates the miR-145-mediated inhibition of migration and invasion of glioma cells. Therefore, the inhibitory effects of miR-98 on glioma are at least partly mediated through direct targeting of SALL4.
SALL4 is upregulated in glioma, with an inverse correlation to miR-98 levels.
Finally, the expression levels of SALL4 in glioma was examined. The mRNA levels of SALL4 were significantly higher in glioma tissues compared with those in normal brain tissues (Fig. 7A) . Moreover, our findings demonstrated that the increased expression of SALL4 was associated with malignant progression of glioma (Table Iv) . Interestingly, an inverse correlation between the SALL4 and miR-98 levels in glioma tissues was observed (Fig. 7B) . These findings suggest that the decreased miR-98 expression contributes to the increased expression of SALL4 in glioma. In addition, the protein levels of SALL4 were also higher in glioma cell lines compared with those in normal astrocytes (Fig. 7C) .
Discussion
Recently, miR-98 was found to play a suppressive role in glioma (23, 24) , but the underlying mechanism remains largely unknown. In the present study, it was demonstrated that miR-98 was frequently downregulated in glioma, which was associated with DNA methylation. Both miR-98 downregulation and methylation were found to be significantly associated with a more aggressive tumor phenotype in glioma, as well as shorter survival of glioma patients. Further investigation revealed that miR-98 inhibited the migration and invasion of U87 cells at least partly via directly targeting SALL4, which was upregulated in glioma, and its upregulation was associated with glioma progression. Recently, miR-98 was found to act as a tumor suppressor in glioma (23, 24) . Chen et al reported that the expression of RKIP and miR-98 in glioma tissues was significantly lower compared with that in normal brain tissues, and overexpression of RKIP may promote the expression of miR-98, which further inhibits glioma cell invasion, possibly through targeting HMGA2 (23) . Another study revealed that overexpression of miR-98 inhibited glioma cell migration and invasion through inhibition of IκB kinase and matrix metalloproteinase-9 expression, as well as nuclear factor-κB p65 nuclear translocation (24) . However, the regulatory mechanism of miR-98 expression in glioma and its clinical significance remain unknown. In the present study, miR-98 was frequently found to be downregulated in glioma tissues and cell lines. Moreover, DNA methylation may be the main cause of the reduced miR-98 expression in glioma, as the methylation status of miR-98 was found to be significantly higher in glioma tissues compared with that in normal brain tissues, and treatment with DNA methyltransferase inhibitor significantly upregulated miR-98 expression in glioma cell lines. Furthermore, it was demonstrated that both miR-98 downregulation and methylation were significantly associated with higher wHO grade, low KPS and shorter survival in glioma, suggesting that miR-98 expression or methylation status may be used as important predictors of prognosis of glioma patients. Furthermore, it was observed that restoration of miR-98 expression inhibited the migration and invasion of glioma U87 cells, but did not affect cell proliferation, which was consistent with the findings of previous studies (23, 24) . SALL4, a zinc finger transcription factor, was then identified as a novel target gene of miR-98 in glioma cells by using luciferase reporter gene assay. In fact, SALL4 was previously reported to be an important marker for stem cells, as it plays a key role in maintaining the self-renewal capacity of embryonic stem cells (26). In recent years, SALL4 was reported to be frequently upregulated in some cancer types, and to act as an oncogene in esophageal squamous cell carcinoma, gastric cancer, hepatocellular carcinoma and intrahepatic cholangiocarcinoma (27) (28) (29) (30) . Moreover, the promoting role of SALL4 in glioma has been gradually revealed. Zhang et al found that the SALL4 expression levels in glioma were significantly higher compared with those in normal brain tissues, and the expression of SALL4 was closely correlated with glioma pathological grade (31) , which was consistent with our data. In addition, they demonstrated that high SALL4 expression was correlated with poor prognosis of glioma patients. In the present study, the expression of SALL4 was found to be inversely correlated with miR-98 expression in glioma tissues, suggesting that downregulation of miR-98 may contribute to SALL4 upregulation.
Moreover, the protein expression of SALL4 was found to be negatively regulated by miR-98 in U87 cells. Therefore, it was hypothesized that SALL4 may be involved in the miR-98-mediated migration and invasion of glioma cells. To confirm this hypothesis, miR-98-overexpressing U87 cells were transfected with SALL4 expression plasmid, and it was observed that restoration of SALL4 expression significantly attenuated the inhibitory effects of miR-98 overexpression on U87 cell migration and invasion. Accordingly, it was demonstrated that miR-98 plays a suppressive role in the migration and invasion of U87 cells at least partly through direct targeting of SALL4. In fact, similar findings were reported in hepatocellular carcinoma. Zhou et al recently found that miR-98 plays a suppressive role in the proliferation, migration, invasion and epithelial-to-mesenchymal transition of hepatocellular carcinoma cells via direct inhibition of SALL4 (32) . Therefore, the present study highlights the significance of miR-98/SALL4 signaling in human cancers.
To the best of our knowledge, this is the first study to demonstrate that high methylation induces the downregulation of miR-98 in glioma, which further promotes glioma cell migration and invasion via targeting SALL4. Therefore, miR-98 may be a potential therapeutic candidate for glioma.
